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Recent studies at the single-molecule level show how signaling from the giant




The giant string-like protein titin has
important roles in the assembly and
elasticity of muscle sarcomeres
(Figure 1). Evidence is also emerging
that titin is involved in feedback control
mechanisms and acts as a receptor
and transmitter of mechanical signals
to muscle regulatory systems (for
recent reviews see [1–3]). The trigger
for one such signalling pathway is
thought to be the kinase domain in
titin, which is at the centre of the
sarcomere in situ. Recent work by
Puchner et al. [4] now shows how
the kinase can directly be activated
by mechanical force to trigger
signalling.
Titin kinase belongs to a subfamily
of serine-threonine kinases that is
expressed in muscles and interacts
with myosin filaments [5]. Exploration
of the potential binding partners of titin
kinase in muscle revealed its links with
the RING-finger and scaffolding
proteins, such as MURFs, nbr1 and p62
[6–9], suggesting a regulatory role in
muscle gene expression, both during
myogenesis and in adult muscles. It is
thought that, in adult muscles, the
mechanical load on the sarcomere is
transmitted through titin kinase and its
interaction partners to the nucleus,
thereby modulating protein synthesis
and turnover.
Regulation of titin kinase is predicted
to be by a two-step mechanism
involving partial unfolding of an
inhibitory segment of the polypeptide
to expose the catalytic region, followed
by phosphorylation of a tyrosine
residue to complete activation. During
development of muscle, activation is
thought to occur similarly to other
kinases through ligand binding [10];
however, evidence is accumulating
that, immobilised in the adult
sarcomere, titin kinase can also be
directly activated by extensional force
[11]. The idea of direct mechanical
activation of titin kinase provides
new insights into the function of
muscle-specific kinases and is
consistent with general ideas of
a mechanosensor role for titin in
sarcomeres.
In their new work, Puchner et al. [4]
used atomic force spectroscopy to pull
on individual kinase domains. The
kinase was expressed with five flanking
immunoglobulin/fibronectin domains
and force–extension curves with
nanometer and piconewton precision
were obtained from the construct
stretched between a surface and
the atomic force microscope (AFM)
cantilever. The curves show two
sets of force peaks: one large force
set typical of unfolding of
immunoglobulin and fibronectin
domains, and a preceding set of low
force peaks apparently coming
from unfolding of the kinase domain.
Interestingly, when ATP was present,
an additional low force peak appeared
during extension of the kinase,
consistent with ATP binding to the
partly unfolded protein. As would be
expected, the probability of the extra
peak depended on the ATP
concentration. More significantly, the
ATP-binding kinetics were assessed
by varying the pulling speed to
produce what was effectively
a mechanical pump-probe experiment.
Thus, the binding site was pumped
open by being partly unfolded and
then probed for ATP occupancy for
a certain time, with faster pulling
speeds giving less probing time.
Estimates of the ATP on and off rates
and dissociation constant were
compatible with solution affinity
values for titin and other kinases.
Further tests with mutated residues in
the active site of the kinase supported
the conclusion that binding had
indeed occurred in the correct
ATP-binding pocket.
Assignment of the individual low
force peaks in the AFM traces was
explored in more detail with molecular
dynamics simulations, by pulling on
the amino and carboxyl termini of the
kinase crystal structure. The molecular
dynamics simulations were broadly
compatible with the single molecule
mechanical experiments and showed
that one of the first rupture events
during forced extension was




Figure 1. Sarcomere diagram showing the layout of titin.
The myosin and actin filaments are cross-linked and held in register by networks of bridging
proteins at the M- and Z-lines. The two filament arrays are connected by the giant protein titin
(w4 MDa) which mostly consists of a string of about 300 immunoglobulin and fibronectin III
domains. Each titin molecule runs from the M-line along the myosin filament surface to its
end and from there links elastically to the Z-line. Titin and the proteins of the M- and Z-line
are thus part of the muscle cytoskeleton, absorbing the forces generated by myosin and actin
and transmitting them across the cell. The titin kinase domain is indicated by the small black
circle at the edge of the M-line. The carboxy-terminal ends of titin meet in the M-line, but the
precise arrangement is unknown. Stretching the kinase domain might therefore be due to
extension of the myosin filament, or the M-bridges, or to loss of registration between myosin
filaments. The enlarged kinase domain is shown below in blue; immunoglobulin/fibronectin
domains are alongside.
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that was blocking the active site.
Detachment of this segment led to an
exposure of the catalytic cleft allowing
binding of ATP. Consistent with these
data, independent biochemical
experiments with a recombinant kinase
expressed without the inhibitory
segment confirmed that the kinase is
capable of the autophosphorylation of
its tyrosine residue, thus completing
activation.
The new results thus provide
experimental support of the earlier
work and are fascinating in showing
directly, and at the single molecule
level, how changes in mechanical
tension can regulate titin kinase
activity. A similar mechanism may
operate in regulation of giant titin-like
kinases in invertebrate muscle [12].
Reversible changes in the length of
myosin filaments [13–15], in the
filament lattice spacing [16], or in
shear tension [17] during muscle
function are possible ways in which
the titin kinase may be stretched in the
sarcomere. However, detailed testing
of the conclusions drawn from the
results of Puchner et al. [4] requires
a high resolution (w2 nm) model of
the M-line structure where protein
molecular shapes and their interactions
can be recognized. Current structural
M-line models [18] havew5 nm
resolution or worse, and biochemical
schemes of M-line structure based on
protein–protein interaction data are
fragmentary [19,20]. Nevertheless, the
speed of progress of new biochemical,
single-molecule-mechanics and
electron microscope techniques
suggests such a thoroughSpeech Production
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Other ideas, such as shape and
motion, are acquired through multiple
modalities and their combination,
and can be aquired in the absence
of any one sense. Intrigued by
these ideas, a contemporary of
Locke’s, the scientist and politician
William Molyneux (1656–1698),
wrote to ask him whether a blind
person who can distinguish between
a cube and globe by touch could
distinguish and name these objects
by sight if his vision were to
be suddenly restored. This question,
